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Abstract

:

This review covers the recent achievements in high-power rare earth (RE)-doped fiber lasers, Raman fiber lasers, and Brillouin fiber lasers. RE-doped fiber lasers have many applications such as laser cutting, laser welding, laser cleaning, and laser precision processing. They operate in several wavelength ranges including 1050–1120 nm (ytterbium-doped fiber lasers), 1530–1590 nm (erbium- and erbium–ytterbium-doped fiber lasers), and 1900–2100 nm (thulium- and holmium-doped fiber lasers). White spaces in the wavelength spectrum, where no RE-doped fiber lasers are available, can be covered by Raman lasers. The heat power generated inside the laser active medium due to the quantum defect degrades the performance of the laser causing, for example, transverse-mode instability and thermal lensing. It can even cause catastrophic fiber damage. Different approaches permitting the mitigation of the heat generation process are considered in this review. Brillouin fiber lasers, especially multiwavelength Brillouin fiber lasers, have several important applications including optical communication, microwave generation, and temperature sensing. Recent progress in Brillouin fiber lasers is considered in this review.
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1. Introduction


The basic principle for light confinement and propagation in optical fibers is total internal reflection. Total internal reflection was first studied by Johannes Kepler in 1611 [1]. In 1621, it was mathematically described by Willebrord Snellius (Snell’s law), but remained unpublished during his lifetime. In 1690, Christiaan Huygens in his Treatise on Light showed how Snell’s law of sines could be explained by the wave nature of light [2]. Optical fibers are one of the major technological successes of the 20th century.



The first uncladded glass fibers were fabricated in the 1920s [3]. In the 1950s, a cladding layer was added [4,5,6]. The cladding layer considerably improved the fiber characteristics. The early fibers were very lossy (~1000 dB/km). The situation changed in the 1970s when silica fibers with a loss of ~20 dB/km were developed [7]. In 1979, a loss level of ~0.2 dB/km near the 1550 nm wavelength was achieved [8]. It was limited mainly by Rayleigh scattering. Such low-loss fibers have led to a revolution in optical fiber communications and to the advent of nonlinear fiber optics, fiber lasers and amplifiers, and fiber sensors.



Stimulated Raman and Brillouin scattering in optical single-mode fibers were investigated both theoretically and experimentally in 1972 [9,10,11]. In 1973, it was suggested that optical fibers can support solitons [12]. Almost at the same time, optically induced birefringence, parametric four-wave mixing, and self-phase modulation were observed in optical fibers.



The use of rare earth (RE)-doped optical fibers for gain in glass fiber lasers and amplifiers was first demonstrated by Eli Snitzer in 1961 [13]. He used a neodymium-doped silicate glass fiber emitting at 1060 nm. In the 1990s, erbium-doped fiber amplifiers and lasers were under intensified investigation [14]. These devises were commercialized in 1992 and employed in undersea fiber-optic communication systems by 1995.



The state-of-the-art design of optical fibers is a careful trade-off between optical losses, optical nonlinearity, group–velocity dispersion, and polarization effects.



In 1978, Pochi Yeh and colleagues proposed the idea of a photonic crystal fiber (PCF) [15]. They proposed to clad a fiber core with Bragg grating, which is similar to 1D photonic crystal. In 1992, Philip Russell invented a photonic crystal fiber made of 2D photonic crystal with an air core. In 1996, the first fabricated single-mode PCF was reported at the Optical Fiber Conference (OFC) [16]. Photonic crystals are periodic dielectric structures with the period being less than the wavelength of the light. They affect the motion of photons in the same way as an ionic lattice affects the electrons in semiconductors. PCFs are among the most specialized optical lightguides. For example, PCFs can range from fibers with low levels of nonlinearities supporting high-power pulses to highly nonlinear PCFs for supercontinuum generation.



From a theoretical point of view, an optical fiber with a circular core has no birefringence, such that the polarization of a beam sent through the fiber may not change. In reality, however, a small amount of birefringence is always present in an optical fiber due to external perturbations or manufacturing imperfection. Such birefringence causes random power coupling between two polarization modes (polarization crosstalk) in an optical fiber, which is undesirable in a number of applications. A polarization-maintaining fiber (PMF) with intentionally induced birefringence along the entire fiber length maintains two polarization modes without polarization crosstalk. Larger birefringence better prohibits the polarization mode coupling. Birefringence can be induced by loss in rotational symmetry in the refractive index profile or by the stress distribution known as stress birefringence. The first commercially available PMF was introduced in 1983.



Heat generation in fiber lasers is briefly discussed in Section 2. Section 3, Section 4 and Section 5 are devoted to the latest achievements in RE-doped fiber lasers, Raman fiber lasers, and Brillouin fiber lasers, respectively. Fiber laser applications are considered in Section 6.




2. Heat Generation in Fiber Lasers


For most lasers, the laser wavelength,     λ   L    , is longer than the pump wavelength,     λ   P    , (Stokes shift). This is unavoidable for all optically pumped schemes where one pump photon can generate one laser photon. The energy difference between the pump and laser photons can be estimated using the so-called quantum defect:


    η   q   = 1 −     λ   P       λ   L      



(1)







The quantum defect is an unavoidable source of heat generation in lasers. The process of generating coherent radiation through laser action is never 100% effective. The quantum defect causes a substantial part of the pump energy to be converted into phonons instead of photons. Heating due to the quantum defect manifests itself in many ways including transverse-mode instability, thermal lensing, and catastrophic fiber damage.



Heat management is one of the most critical issues for scaling higher output laser powers. Although the very high surface-to-volume ratio and optical guidance have provided tremendous progress in the power scalability of high-power fiber lasers, limitations on the power handling capacity of fiber lasers are now encountered.



Under the steady-state operation       ∂  /  ∂ t = 0      , the heat conduction equation in an isotropic medium can be written as follows:


    ∇   2   T   r , z   = −   Q   r , z     κ    



(2)




where   T   is the temperature,   κ   is the thermal conductivity, and   Q   is the dissipated heat density per unit volume. In the center of the fiber core     r = 0   ,   the following equation


        ∂   T   c o     ∂ r       r = 0   = 0  



(3)




must be satisfied. Here,   r   is the fiber radius, and     T   c o     is the temperature of the fiber core. The core and cladding temperatures and their derivatives must be continuous across the borders.


    T   c o       r   c o     =   T   c l       r   c o      



(4)






    κ   c o         ∂   T   c o     ∂ r       r =   r   c o     =   κ   c l         ∂   T   c l     ∂ r       r =   r   c o      



(5)






    κ   c l         ∂   T   c l     ∂ r       r =   r   c l     = h     T   c   −   T   c l       r   c l        



(6)




where     T   c l     is the temperature of the fiber cladding.     r   c o     and     r   c l     are the core and cladding radii, respectively.     κ   c o     and     κ   c l     are the thermal conductivities of the core and cladding, respectively.   h   is the heat transfer coefficient.     T   c     is the environmental temperature. Considering   Q   r , z   ≅ Q   z     and taking into account the boundary conditions (3)–(6), one can estimate the temperature of the fiber [17].


     T   c o     r , z   =   T   0     z   −   Q   z     r   2     4   κ   c o       ,   if   0 < r <   r   c o     



(7)






     T   c l     r , z   =   T   0     z   −   Q   z     r   c o   2     4   κ   c o     −   Q   z     r   2     2   κ   c l     l n     r     r   c o         ,   if     r   c o   < r <   r   c l     



(8)






    T   0     z   =   T   c   +   Q   z     r   c o   2     2 h c   +   Q   z     r   c o   2     4   κ   c o     +   Q   z     r   c o   2     2   κ   c l     l n       r   c l       r   c o        



(9)







Here,     T   0     is the temperature at the core center. As seen from (7)–(9), the temperature profiles are significantly affected by pump evolution along the fiber length [17]. The temperature distribution is uneven along the fiber. In the forward pump mode, the maximum temperature is attained at the input side of the laser cavity, which corresponds to the intense amplification of the laser signal, accompanied by a tremendous increase in the number of the phonons (“superfluous” phonons), causing heating of the laser medium [17,18]. In the two-end pump mode, the temperature evolution is more even. Under these conditions, the maximum temperature is attained on both sides of the laser cavity [17,19].



The radial distribution of the temperature profile is more even than the axial distribution. It can be ignored while significant heat is traveling through the axial direction of the fiber [17,19].



Apart from the quantum defect, photodarkening in high-power fiber lasers can also lead to increased background absorption, resulting in excess heating. Photodarkening is color-center formation through some type of structural change in the glass which may or may not be reversible [20,21].




3. Rare Earth-Doped Fiber Lasers


The wide range of industrial and defense applications has fueled the development of RE-doped fiber lasers. Fibers used for data transmission are known as passive fibers, since they do not change the power of the propagating signal. RE-doped fibers can amplify the propagating optical signal. They are called active fibers. The successful development of low-loss optical fibers doped with various RE elements, such as ytterbium (Yb), erbium (Er), thulium (Tm), holmium (Ho), praseodymium (Pr), or dysprosium (Dy), opened the door to creating fiber lasers. Each RE-doped fiber laser has a specific emission window defined by its dopant. For example, Yb3+-doped fiber lasers have a window of emission wavelengths ranging from ~1050 nm to ~1120 nm; Er3+-doped fiber lasers have a window of emission wavelengths ranging from ~1530 nm to ~1590 nm.



A laser beam can be characterized by its brightness:


  B =   P   A Ω   =   P         M   2       2     λ   2      



(10)




where   P   is the source power divided by the product of the mode area,   A = π   w   0   2    , and the solid angle,   Ω = π   θ   0   2    . Here     w   0     and     θ   0     are the beam waist and half-angle divergence, respectively.   λ   is the wavelenght of the laser beam.


    M   2   =   π   w   0     θ   0     λ    



(11)




Equation (11) is used to calculate the beam quality factor.



3.1. Rare Earth Ions for Laser Applications


RE atoms include Sc, Y, and two groups: lanthanides with atomic numbers 57 through 71 (characterized by filling the 4f shell); and actinides with atomic numbers 89 through 103 (characterized by filling the 5f shell). In solids, the trivalent (3+) level of ionization is the most stable for lanthanide ions. RE ions have the sharp spectral lines. The sharp spectral lines in the optical spectra of trivalent RE ions are a consequence of the screening of 4f valence electrons by the 5s and 6d electrons due to the effects of the environment. An ion in a solid can be considered an impurity (a dopant) embedded in a host material. The ion replaces the host ion and forms an optically active center. The host materials play a fundamental role in the spectral nature of doped ions.



Laser glasses can be divided into oxide, halide, oxyhalide, and chalcogenides [22]. Glasses are amorphous over a long range but contain a local order. Glasses are insulators with bandgaps greater than 5 eV (the deep UV). All transitions in ions occur within the host bandgap. The energy levels of ions typically are identified by three principal quantum numbers:   L  ,   S  , and   J  .   L   describes the total orbital angular momentum,   S   the total spin angular momentum, and   J   the total angular momentum. There are several possible ways to obtain a given set of values for   L  ,   S  , and   J  . The possible states are referred to by the symbol    L J     2 S + 1    , where   L = 0 ,   1 ,   2 ,   3 ,   4 , …   corresponds to letters   S ,   P ,   D ,   F ,   G …  , respectively. Schematical diagrams of energy levels with transitions for Yb3+, Er3+, Tm3+, and Ho3+ ions are presented in Figure 1.



Several states can correspond to the same atomic energy level (degeneracy). In RE-doped ions, this degeneracy is lifted through interaction with the local environment. Fiber lasers have been realized with a wide variety of RE ions including ytterbium (Yb3+), erbium (Er3+), thulium (Tm3+), holmium (Ho3+), praseodymium (Pr3+), and dysprosium (Dy3+). The most used RE ions for laser applications are Yb3+, Er3+, and Tm3+. As one can see in Figure 1, only Yb3+ ions have only one excited state, that is, only Yb3+ ions are free from excited state absorption, which can serve as a source of heat generation.



Pump radiation excites electrons from the ground level to higher levels. Excited electrons can undergo spontaneous (radiative or nonradiative) decay or stimulated transition. The spontaneous decay process can be characterized by the lifetime of the excited level       τ   e x     as follows:


    1     τ   e x     =   1     τ   r     +   1     τ   n r      



(12)






    1     τ   n r     = C       n  ~    T   + 1     p   e x p   − α Δ E    



(13)




where   C   is an empirical parameter that depends on the host.


     n  ~    T   =     e x p     ℏ Ω     κ   B   T     − 1     − 1     ,     p =   Δ E   ℏ Ω     ,     α = −   l n   ε     ℏ Ω     



(14)




  Δ E    is the energy gap,   ε   is an electron–phonon coupling coefficient,   ℏ Ω   is the maximum phonon energy of the host,   ℏ   is the reduced Planck constant,   T   is the temperature of the host,     κ   B     is the Boltzmann constant, and   p   is the number of phonons required to bridge the   Δ E   gap. The empirical parameters of relation (13) for some host materials can be found in [23,24,25]. The spontaneous decay process can be characterized by the mean fluorescence wavelength,     λ   F    , or the mean fluorescence frequency,     ω   F    .


    λ   F   =   2 π c     ω   F     =    ∫  λ   I   F     λ   d λ      ∫    I   F     λ   d λ      



(15)




where   c   is the speed of light in the vacuum, and     I   F     λ     is the fluorescence intensity at the wavelength   λ  .



If the upper level is more populated than the lower level, a population inversion takes place in the system. Population inversion is a necessary condition for amplification or lasing. It is impossible to attain population inversion in a two-level system [26]. The system must have at least three levels in order to be suitable for laser amplification. A commonly used four-level laser scheme is presented in Figure 2a for Yb3+ ions. In this scheme, two levels of the ground manifold and two levels of the excited manifold are involved in a laser cycle.



As mentioned above, the quantum defect,     η   q    , is an unavoidable source of heat generation in lasers. The heat generation process is responsible for transverse-mode instability, thermal lensing, and catastrophic fiber damage. In RE-doped fiber lasers, heating can also cause a reduction in both the emission and absorption cross-sections of the RE ions, affecting the gain of the active fiber. Once the concentration of the RE ions exceeds a certain limit, cooperative effects such as an energy transfer process, a cross-relaxation process, nonradiative energy transfer, cooperative emission, and excitation become essential. Some of these processes can cause heat generation [27]. Cooperative effects limit the maximum ion concentration that can be doped into the fiber, resulting in the use of longer fibers. On the other hand, a longer fiber can serve as a source of nonlinear effects, for example, Raman and Brillouin scattering.




3.2. RE-Doped Radiation-Balanced Fiber Lasers


In 1999, Steven Bowman [28] proposed a radiation-balanced (athermal) RE-doped laser which operates without internal heating. In this laser, all photons generated in the laser cycle are annihilated in the cooling cycle, that is, the heat generated from the stimulated emission is offset by cooling from anti-Stokes emission (Figure 2b). The idea of optical cooling using anti-Stokes fluorescence was first proposed by Pringsheim in 1929 [29]. It is significant that in order to keep the radiation balance at each point in the laser medium, the pump intensity must be distributed properly along the length of the laser fiber. Any deviation from this distribution will result in heating or cooling in some parts of the laser medium. In radiation-balanced lasers and amplifiers, the power of the amplified signal increases only linearly with the length of the active medium. The theory of radiation-balanced (athermal) RE-doped fiber amplifiers was developed in [30]. To overcome the problem of linear signal power growth, fiber lasers and amplifiers with a cooler made from RE ions and integrated into the body of the device have been proposed and theoretically investigated [18,31,32]. The theory of mJ-level pulse amplifiers in Yb-doped double-clad optical fibers was developed in ref. [33].



In 2021, the first radiation-balanced silica fiber amplifier was demonstrated. An Yb3+-doped silica fiber served as an active medium [34]. The core diameter of the silica fiber was 21 μm. Its numerical aperture was 0.13. The Yb3+ concentration was 2.52 wt.%. The fiber was co-doped with 2.00 wt.% Al to reduce concentration quenching. The wavelength of the pump was 1040 nm and the signal wavelength was 1064 nm. The mean fluorescence wavelength of Yb3+ was 1003.9 nm and the radiative and quenching lifetimes were 765 μs and 38 ms, respectively. The Yb3+ critical quenching concentration was 21.0 wt.%. The absorptive loss of the fiber was 18 dB/km. The temperature of the fiber decreased to   ~ 130   mK below room temperature. Different schemes of athermal lasers and amplifiers are overviewed in ref. [35]. The latest advances in radiation-balanced fiber lasers and amplifiers are considered in ref. [36].




3.3. Power Evolution of RE-Doped Fiber Lasers


The rapid development of active RE-doped optical fibers has led to the development of high-power lasers with output powers of tens or hundreds of watts, sometimes even several kilowatts, from a single fiber. High-power laser sources are widely used in industrial precision processing. They can serve as a new platform for strong-field physics research using peak power over petawatt.



As noted above, Yb3+ ions are widely used in fiber lasers. Since they have only two manifolds, they are free from a number of cooperative effects. The quantum efficiency of Yb3+-doped fiber lasers is close to 100% due to the low energy difference between the pump and laser photons. The Yb3+ ions possess a broadband absorption spectrum ranging from ~850 nm to ~1080 nm, with the peak in the range between ~915 nm and ~980 nm. The window of emission wavelengths from Yb3+-doped fiber lasers is limited to a small band (1050–1160 nm). At this junction, all-fiber laser oscillators operating at ~1000 nm are well developed. Their power evolution throughout the past several years is presented in Figure 3 [37,38,39,40,41,42,43,44,45,46,47,48].



As can be seen in Figure 3, the maximum power ~8.5 kW was reached in 2020. Fiber lasers with wavelengths of 980 nm, 1007 nm, 1018 nm, and 1150 nm have attracted significant interest since they are very useful in nonlinear frequency conversion and efficient pumping of other RE-doped fibers which have absorption bands located near these wavelengths. A 1.3 kW, 1018 nm fiber laser with a beam quality M2 less than 1.1 was reported by IPG Photonics [49].



The Er3+-doped and Er3+-Yb3+ co-doped fiber lasers partly complement the emission range of 1530–1590 nm. The power evolution of these fiber lasers at ~1500 nm throughout the past several years is presented in Figure 4 [50,51,52,53,54,55,56,57,58,59,60,61]. The highest power achieved with Er3+-doped fibers with a relatively multimode operation (M2 ~ 10.5) is 656 W [56].



The Tm3+-doped and Tm3+-Ho3+ co-doped fiber lasers have an emission range between ~1900 nm and ~2100 nm. The output power ~1.2 kW at ~2000 nm was obtained with these lasers in 2018. Their power evolution is presented in Figure 5 [62,63,64,65,66,67,68,69,70,71].



Recent experiments have demonstrated the single-mode Ho-doped fiber laser providing 407 W of output power [72].



The Er3+- and Tm3+-doped lasers are significantly limited in power and efficiency compared to Yb3+-doped fiber lasers. As one can see in Figure 4 and Figure 5, the erbium lasers are limited to a few hundred watts; the thulium lasers have achieved power levels of around a kilowatt. Greater quantum defects, difficulty in increasing the ion concentration, excited state absorption, and cooperative effects prevent the erbium and thulium dopants from competing in the output power with ytterbium.



Although fiber laser systems exceeding 100 kW are commercially available [73], there is still a lot of room for further development of the RE-doped fiber lasers with excellent optical properties.





4. Raman Fiber Lasers


There are substantial white spaces in the wavelength spectrum where no RE-doped fiber lasers are available. Raman fiber lasers can cover these white spaces. In contrast to RE-doped lasers, Raman lasers are free from photodarkening.



4.1. Heat Mitigation in Raman Fiber Lasers


In 1963, Charles Townes introduced the concept of stimulated Raman scattering (SRS) [74]. In ref. [74], it has been shown that since the laser light incident on a medium is coherent, the resulting emission occurs through a parametric process due to the interaction between the coherent molecular oscillations (optical phonons) and the coherent laser light.



The lasing mechanism of Raman lasers is based on stimulated Stokes Raman scattering (SSRS) in a Raman medium (Figure 6a). An incoming pump photon with the energy   ℏ   ω   P     scatters into a lower-energy Stokes photon   ℏ   ω   S      and a phonon with the energy   ℏ   Ω   o p    , which serves as a source of heat generation. As can be seen in Figure 6a, Raman lasers, like RE-doped lasers, suffer from heat dissipation inside the active medium caused by the quantum defect between the pump and lasing (Stokes) photons. Like in the case of RE-doped lasers, heat generation in Raman lasers can degrade their performance. Heat mitigation in Raman lasers can be achieved in different ways.



One way to mitigate heat dissipation in Raman lasers has been proposed in [75,76,77]. It relies on three different Raman processes that can occur inside the medium of an optically pumped Raman laser illustrated in Figure 6. Besides SSRS, stimulated anti-Stokes Raman scattering (SARS) and coherent anti-Stokes Raman scattering (CARS) can take place in the Raman medium. The maximum Raman gain point is considered in Figure 6, that is, all scattering processes are exactly at the Raman resonance. As stated above, the SSRS, which is responsible for lasing, is a source of heat generation. In common with SSRS, the SARS process generates quantum-defect heating too. In this process, an anti-Stokes photon is converted into a pump photon and a phonon (Figure 6b). CARS at the Raman resonance presented in Figure 6c is a four-wave mixing process. It converts a pump photon and a Stokes photon into a pump photon and an anti-Stokes photon, annihilating two phonons responsible for heating [78]. This process reduces the quantum-defect heating in the Raman medium. Phase matching is very important in this scheme. If it is not satisfied, the induced phase variation along the propagation direction of the amplified signal will cause the CARS process to alternate, reversing periodically at the coherence length (Figure 6c,d). This approach to Raman processes, which was developed by Bobbs and Warner in ref. [78], is different from the traditional one, where the CARS is seen as a mechanism that converts two pump photons into Stokes and anti-Stokes photons without exchanging energy with the Raman medium. By this means, the intrinsic heat-mitigation technique in Raman lasers relies on CARS (Figure 6c) instead of anti-Stokes fluorescence.



The harnessing of frequency-selective dissipative coupling to reduce the heat generated by CARS reversed cycles in active Raman media with phase mismatching was proposed in ref. [79] for waveguide systems. This approach can be applied to a fiber Raman system too. Heat mitigation in this approach is accomplished using a coupled waveguide structure, which includes the active Raman waveguide (RW), where the Stokes signal undergoes amplification via SSRS, and a dissipative waveguide (DW), which is tuned to the anti-Stokes wavelength so as to evacuate the corresponding anti-Stokes photons from the RW by coupling. The DW introduces optical loss that partially offsets the growth of the anti-Stokes signal in the RW and hence suppresses the reversed CARS cycles that would otherwise result in heat generation in the RW. It is shown that the frequency-selective dissipative coupling provided by the DW can reduce the heat in active Raman media by a factor of up to five when the CARS phase mismatch is compensated for by the optimum level of coupling between the RW and the DW.



The alternative approach to mitigating heat dissipation in Raman lasers is based on an ultralow quantum defect. In the majority of cases, high-power Raman fiber lasers are made of pure silica fibers or germanium-doped fibers. The lowest quantum defect for such a Raman laser pumped at 1064 nm and emitted at 1075 nm is 1.02% [80]. The pump power of the laser is 6.5 W and the output power is 1.1 W. It is difficult to achieve a high-power Raman output with such a low quantum defect, because the Raman gain in the pure silica fiber or germanium-doped fiber is relatively low at such a small frequency shift.



In 2020, the phosphosilicate-doped passive fiber was proposed for low quantum defect applications [81]. This fiber has a strong boson peak and a Raman gain peak at a frequency shift of ~40 THz in its Raman gain spectrum. The Raman gain peak is related to the asymmetric stretching vibrations supported by phosphorus–oxygen double bonds. This peak has been used for high power generation in Raman fiber lasers [82]. The boson peak in the phosphosilicate fiber is ascribed to an excess density of vibrational states [83]. In ref. [81], an ultralow quantum defect Raman laser based on the boson peak in phosphosilicate fibers has been reported for the first time. In this laser, the amplification process is based on a strong boson peak located at a frequency shift of 3.65 THz in its Raman gain spectrum. At a pump wavelength of 1066 nm and a pump power of 18.6 W, the Stokes output at the wavelength 1080 nm has reached 12.5 W. The quantum defect is 1.3%. For the increased pump wavelength, 1072 nm, the output power at 1080 nm is 10.7 W. In this case, the quantum defect is 0.74%. This is the lowest quantum defect ever reported for Raman fiber lasers.




4.2. Brightness Enhancement in Raman Fiber Lasers


In cladding-pumped RE-doped fiber lasers, the low-brightness pump light is coupled into the fiber cladding while the laser signal undergoes amplification in a fiber core, which supports only low-order modes with superior brightness relative to the pump. Brightness enhancement in the system can be estimated as follows:


  B E =     B   L    /    B   P      



(16)




where      B   L     and     B   P     are the laser output brightness and the pump input brightness, respectively. Like RE-doped fiber lasers, Raman fiber lasers can provide brightness enhancement too. For example, one can use the same cladding-pumped approach (usually based on double cladding) to achieve brightness enhancement in Raman lasers.



Another way to achieve brightness enhancement in Raman fiber lasers consists of utilizing multimode graded-index (MM-GRIN) fibers. As in the case of the cladding-pumped approach, in the MM-GRIN approach, the Stokes laser signal is generated in the high-brightness core, while the pump propagates through a larger diameter of the fiber cladding. The first Raman fiber laser based on MM-GRIN fibers was demonstrated in 2018 [84]. A total of 135 W of the output power was obtained with 68% efficiency relative to launched pump power. Its brightness enhancement was    B E ≈ 5.6  .



Much progress has been made in the last few years in both of these techniques. In 2018, the highest brightness enhancement   B E ≈ 7    for the cladding-pumped configuration was demonstrated at a record Raman fiber laser power of 1.2 kW with 85% efficiency relative to launched pump power [85]. At such high (over kW) output power levels, the beam quality M2 ≈ 2.75 was obtained.



In 2019, a Raman fiber laser power of 1002.3 W at 1060 nm with 84% efficiency was demonstrated using the MM-GRIN configuration [86]. The brightness enhancement was about 2.57 at the maximum output power. The beam quality was M2 ≈ 5.





5. Brillouin Fiber Lasers


Brillouin scattering is the interaction of optical waves with acoustic waves in a medium. It was described by Leon Brillouin in 1922 [87], and independently by Leonid Mandelstam in 1926 [88]. In the 1960s, Charles Townes, who introduced SRS in 1963, realized that parametric interactions could also occur between laser light and the acoustic branch of the phonon spectrum, that is, between laser light and acoustic oscillations (acoustic phonons), or sound waves. This process is known as stimulated Brillouin scattering (SBS). The first demonstration of SBS was reported in 1964 in quartz and sapphire crystals [89]. As a third-order nonlinear optical process, SBS requires intense radiation. Compared to typical Raman frequency shifts (50–1400 cm−1), the Brillouin frequency shift (0.1–2 cm−1) is extremely small. Brillouin scattering (both stimulated and spontaneous) manifests itself through the generation of backward or forward propagating waves shifted from the frequency of the incident pump wave by an amount determined by the frequency of the acoustic phonon. When the acoustic wave is moving away from the pump light beam, the Stokes shift takes place in the system (Figure 7a). When the acoustic wave is moving toward the pump light beam, the anti-Stokes shift takes place (Figure 7b).



The energy and momentum conservation requirements of Stokes and anti-Stokes Brillouin scattering have the forms


     ω   S   =   ω   P   −   Ω   a p         and       k   S   =   k   P   −   K   a p     



(17)




for Stokes scattering and


     ω   a S   =   ω   P   +   Ω   a p         and       k   a S   =   k   P   −   K   a p     



(18)




for anti-Stokes scattering. Here     ω   P    ,     ω   S    , and     ω   a S     are the pump, Stokes, and anti-Stokes photon frequencies, respectively.     Ω   a p     is the acoustic wave frequency.     k   P    ,     k   S    ,     k   a S    , and     K   a p     are the pump, Stokes, anti-Stokes, and acoustic phonon wave vectors, respectively. In the SBS process,     Ω   a p   ≪   ω   P   ,     ω   S   ,     ω   a S   .    As for Raman scattering, the Stokes scattering process is accompanied by phonon generation (heating); the anti-Stokes scattering process is accompanied by phonon absorption (cooling).



SBS can be used for the development of Brillouin lasers. A typical Brillouin laser involves coupling a laser pump light source, whose spectral width is much less than the Brillouin gain bandwidth, to the optical fiber in order to produce SBS with the Stokes signal propagating in the backscattered path of the incident pump light. The first Brillouin fiber laser was presented in 1976 [90]. Since then, remarkable progress in the development of Brillouin fiber lasers has been made. Great effort went into the development of lasers with a relatively low pump threshold, high efficiency, small linewidth, and especially multiwavelength configurations.



Multiwavelength Fiber Lasers


SBS is the most attractive technique for the development of multiwavelength fiber lasers, which have the advantages of a narrow linewidth, low-intensity noise, stable operation at room temperature, and potential applications in optical communication, optical sensors, gas spectroscopy, and microwave photonics.



The cascaded SBS process occurs when the power of the first-order Stokes signal reaches the SBS generation threshold of the second-order Stokes (Figure 8). The first-order anti-Stokes signal can also be generated due to the four-wave mixing process between the pump and the first-order Stokes wave. The typical frequency shift in the Brillouin spectrum in most glass is about ~10 GHz. This narrow frequency shift is a challenge for the demultiplexing and signal filtering processes in optical communication applications. Several approaches have been developed to increase the frequency spacing range and to reduce the complexity of demultiplexing. These approaches include widely used double Brillouin frequency spacing of 0.17 nm [91,92,93] and a triple Stokes line spacing of 0.25 nm [94,95,96,97]. A quintuple wavelength spacing of 0.4 nm was presented in ref. [98], where four quintuple Brillouin Stokes signals with a high Stokes power of 10 dBm and a signal-to-noise ratio of 50 dB were achieved. The recorded Stokes signals were tuned over a wavelength range of 40 nm (1540–1580 nm).



The sextuple Stokes signal 0.48 nm has been demonstrated in ref. [99], utilizing a triple unidirectional ring laser cavity. Three sextuple channels are achieved and tuned over a wavelength range of 15 nm (1560–1575 nm). In this work, up to three sextuple Stokes lines with a high signal power of 10 dBm and a large optical signal-to-noise ratio of more than 55 dB have been demonstrated. It has been shown that the generated Stokes lines can be tuned over a wavelength range of 15 nm from 1560 to 1575 nm.



A switchable multiwavelength Brillouin fiber laser has been proposed and demonstrated with channel spacing from 10 GHz up to even more than 100 GHz at a step of 10 GHz [100]. The structure comprises two nonlinear fiber loops, a feedback path, and a tunable optical bandpass filter for switchable operation. The multiwavelength Brillouin fiber laser is generated in the nonlinear fiber loop, where a dual-pump source produces dual Brillouin lasers that give rise to a wideband multiwavelength Brillouin fiber laser via the four-wave mixing effect. Some achievements of multiwavelength Brillouin fiber lasers across different spectral regions have been discussed in ref. [101].



Fiber lasers based on backward SBS have been studied and employed for over thirty years. As mentioned, SBS in fibers takes place in the forward direction as well, with amplification bandwidths which are narrower by two orders of magnitude. The first forward Brillouin fiber laser, using a bare off-the-shelf, panda-type PMF, has been reported in ref. [102]. Pump light in one principal axis provides Brillouin amplification for a co-propagating lasing signal of the orthogonal polarization. Feedback is provided by Bragg gratings at both ends of the optical fiber cavity. Single-mode, few-mode, and multimode regimes of operation have been observed. A laser threshold has been observed at a pump power level of 26.5 dBm. The output power of the laser was saturated at 250 μW due to the onset of backward SBS in the fiber cavity. The differential slope efficiency of the laser output power between the threshold and saturation was approximately 0.005. Forward SBS fiber lasers are extremely sensitive to changes in media outside the cladding. They can serve as highly coherent laser sources and ultraprecision forward SBS sensors.





6. Fiber Laser Applications


At present, fiber lasers are used widely in both science and industry. As mentioned above, in the 1990s, fiber lasers came into wide use in the realm of the telecommunications industry, providing high-quality single-mode low-power systems. Fiber lasers in fiber telecommunications are mainly used as light sources. Since fiber lasers have the characteristics of high efficiency, stability, and good modulation performance, they can provide stable and high-quality optical signals.



With the collapse of the telecommunications markets in the early 2000s, fiber laser producers shifted their focus to meeting the needs of industrial material processing, and of military and medical sectors. This shift to alternative markets required higher-power lasers. One particular advantage of fiber lasers is that they are inherently simple and can therefore provide easily manufacturable systems to meet a range of power levels and output quality.



6.1. Material Processing


The application of fiber lasers in the field of material processing mainly includes laser cutting, laser welding, and laser marking. High-speed and high-precision material processing can be achieved using high-power and high-beam-quality fiber lasers.



The use of fiber lasers has allowed, for the first time, for the generation of striation-free cuts in the case of oxygen-assisted laser cutting of 1 mm and 2 mm thick mild steel sheets [103]. Nowadays, fiber laser flexibility enables the cutting of a wide range of materials from steel and aluminum to nonmetal materials such as plastics and glass of different thicknesses. The fiber laser cutting process results in a high-quality cutting edge. High-power CW fiber lasers are commonly used for industrial applications. As the power output increases, the cutting speed and the ability to process thicker materials improve, making them ideal for high-volume production.



The excellent mode quality and high focusability of low-power single-mode fiber lasers are the most important features for achieving small spot sizes in the range of some microns. As a result, the welding of microparts with very high processing speeds, the lowest energy input, reduced heat-affected zones, and minimized distortion has been achieved [104]. At present, fiber laser welding creates strong welds and good-quality joints, even with dissimilar materials. With the benefit of consistent accuracy, laser welding is well suited to manufacturing processes with repetitive operations. Fiber lasers are also very useful in microprecision welding and laser spot welds.



Fiber lasers are perfect for laser marking. Laser marking is a process in which a laser beam is used to mark or engrave a surface at a high speed and low-operating cost.




6.2. Military Sector


Fiber lasers have high temperature and high corrosion resistance, which is especially suitable for military applications. Fiber lasers can serve as one of the main light sources of tactical laser weapons [105]. In fiber optic radar, fiber lasers can be used as laser sources to provide high-power and high-stability laser signals for target detection and tracking.




6.3. Medical Sector


With the continuous progress of science and technology, fiber lasers are increasingly widely used in laser therapy [106]. Laser energy can be delivered through optical fibers to accurately treat diseased tissues. In laser therapy, fiber lasers have the advantages of high energy density, high orientation, and minimally invasive treatment. The application of fiber lasers in laser therapy includes but is not limited to laser beauty treatment, laser eye therapy, laser tumor therapy, and laser endoscopic therapy.




6.4. Optical Frequency Combs


The invention of optical frequency combs (OFCs), also known as the rulers of light, has enabled numerous applications in the fields of optical metrology, spectroscopy, astronomy, and quantum and attosecond science [107].



Over the past two decades, various types of OFC sources have been demonstrated, including solid-state or fiber-based mode-locked combs, electro-optic combs, and microresonator-based combs. At present, mode-locked fiber combs are technically mature and have a deeper degree of commercialization. This is due to their low noise performance and long-term reliability. OFCs can be realized utilizing various mode-locking techniques, such as nonlinear polarization rotation, a real saturable absorber, and a nonlinear amplifying loop mirror. Fiber laser-based OFCs are particularly attractive for free-space time–frequency transfer, low-noise microwave generation, and gas molecule detection.




6.5. Quantum Applications


Quantum optics is based on lasers as light sources. Fiber lasers can be used as pump sources in single-photon emitters and in waveguide quantum electrodynamics [108]. Fiber lasers are actively engaged in the manipulation and readout of quantum bits. They are used widely in the trapping and cooling of atoms and ions as well as in quantum sensing and metrology.





7. Conclusions


The present work gives a brief overview of the latest achievements in fiber lasers including RE-doped fiber lasers, Raman fiber lasers, and Brillouin fiber lasers. In comparison to conventional bulk lasers, fiber lasers have a number of advantages.



	
The inherently flexible structure of fibers enables the use of much longer (up to several kilometers) gain distances, which provides higher optical gains, compared to other lasers.



	
The optical feedback in fiber lasers is usually provided by fiber Bragg gratings imprinted in the fiber. This integrated design provides a stable optical cavity.



	
In fiber lasers, single-mode fibers typically offer the best beam performance, which is very important in a number of applications.



	
In fiber lasers, the optical path is enclosed within protective cladding layers, and as a result, the laser beam is less susceptible to exterior disturbance compared to traditional lasers.






It has been shown that the Er3+- and Tm3+-doped lasers are significantly limited in power and efficiency compared to Yb3+-doped fiber lasers, which can reach output powers of tens or hundreds of watts. Heat generation in traditional high-power fiber lasers is a serious problem.



	
One solution to the heat generation problem is the development of radiation-balanced lasers based on cooling with anti-Stokes fluorescence. The efficiency of the laser cooling process can be improved by applying novel low-phonon fiber materials. The recent achievements in implementing new materials in high-power fiber lasers have been presented in ref. [109], where adverse interactions between the laser light and the host are discussed, and novel composition glass fiber designs and fabrication methodologies are presented.



	
The alternative approach to mitigating heat dissipation in Raman lasers is based on an ultralow quantum defect.






As of now, the development of multiwavelength Brillouin fiber lasers with an increased number of Stokes channels that present high flatness and reasonable optical-to-signal ratio is a challenge that fiber laser technology still faces. Multiwavelength Brillouin fiber lasers operating at optical communication wavebands such as 1.5 μm have been widely reported. However, there is still a lot of room for further development of multiwavelength Brillouin fiber lasers in the 1.0 μm, 1.3 μm, and 2.0 μm spectral regions. In these spectral regions, multiwavelength Brillouin fiber lasers show a low optical-to-signal ratio and poor flatness. Finding the best setup parameters for such lasers can considerably improve their performance in these promising spectral ranges.



Although fiber lasers have already revolutionized the laser industry, they continue to be a very promising technique for different applications, including industrial material processing, in military and medical sectors, and quantum physics. Considerable room remains for their improvement.



	
As already noted, the optimization of fiber materials is very important for the future development of high-power lasers. The absorption and radiation characteristics of fiber materials can be improved.



	
Widely used pump technology such as laser diode pumps and fiber laser pumps can be improved in terms of pump efficiency and fiber absorption efficiency.



	
The optical design of fiber lasers can be improved too. For example, specially designed fibers can be developed to achieve brightness enhancement in Raman lasers.
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Figure 1. Diagrams of energy levels and transitions for some Yb3+, Er3+, Tm3+, and Ho3+ ions. 
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Figure 2. Energy diagrams of a traditional four-level laser (a) and a radiation-balanced laser (b).     λ   P     and     λ   L      are the pump and laser frequencies, respectively.     λ   F     is the mean fluorescence frequency. Solid and dushed arrows illustrate photon and phonon transitions, respectively. 
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Figure 3. Power evolution of all-fiber laser oscillators operating at ~1000 nm [37,38,39,40,41,42,43,44,45,46,47,48]. 
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Figure 4. Power evolution of Er3+-doped and Er3+-Yb3+ co-doped fiber lasers operating at ~1.5 μm [50,51,52,53,54,55,56,57,58,59,60,61]. 
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Figure 5. Power evolution of Tm3+-doped and Tm3+-Ho3+ co-doped fiber lasers operating at ~2 μm [62,63,64,65,66,67,68,69,70,71]. 
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Figure 6. Processes that take place in a Raman laser: (a) stimulated Stokes Raman scattering (SSRS), (b) stimulated anti-Stokes Raman scattering (SARS), (c) coherent anti-Stokes Raman scattering (CARS) when it converts a Stokes photon and a pump photon to an anti-Stokes photon and a pump photon, annihilating two phonons, and (d) CARS when it converts an anti-Stokes photon and a pump photon to a Stokes photon and a pump photon, creating two phonons.       ω   P    ,       ω   S    ,     ω   a S    , and     Ω   o p     are the pump, Stokes, anti-Stokes, and optical phonon frequencies, respectively. 
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Figure 7. The energy level diagram of Brillouin scattering. (a) Brillouin Stokes scattering; (b) Brillouin anti-Stokes scattering.     ω   P    ,     ω   S    ,     ω   a S    , and     Ω   a p     are the pump, Stokes, anti-Stokes, and acoustic phonon frequencies, respectively. 
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Figure 8. Illustration of the cascaded SBS process. It occurs via the interplay of SBS and four-wave mixing. 
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